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1. Introduction

Tooth movement is a physiologic process that occurs throughout the development of
human dentition and it continues throughout lifetime, although at a slower rate.
Orthodontists have used this natural phenomenon by superimposing an external artificial
force system to align teeth into esthetic and functional positions. A significant component
of orthodontic tooth movement involves bone remodeling and growth alteration by the
application of mechanical forces. Teeth and bones, both hard tissues, are thus stressed
by orthodontic forces, leading to a comprehensive remodeling of bone, periodontal
ligament, periosteum, cementum and sutures. Osteoclasts cells are considered to be a
major player in this remodeling process (Thomas et al., 2001; Roberts et al., 2004). Root
resorption is one of the adverse effects associated with the orthodontic treatment. Many
researchers tried to correlate the severity of root resorption with various factors including
treatment mechanics or appliance type, amount of force, duration of treatment,
extractions, and previous dental treatments (Gonzales et al., 2000; McNab et al., 2000;
Mohandesan et al., 2007; Roberto et al., 2007).

To date, it is still unclear what exact aspects of orthodontic treatment may trigger the
resorptive and the repair process of a tooth root. Whether the nature of the tissues that
are being resorbed has any effect on the behavior or the activity of the osteoclasts, was
the purpose of this study. An insight into the molecular mechanisms of osteoclasts
differentiation and activity could possibly lead to preventive or therapeutic strategies for
dealing with this unwanted side effect by expanding our understanding of the interaction

between the osteoclasts and the different hard tissues of the dental root.

1.1 Composition and remodeling of hard tissues

The term “Hard tissue” is given to all the tissues that are mineralized or have a firm
intercellular matrix (Farlex, 2012). Humans hard tissues are bone, tooth enamel, dentine
and cementum. Hard tissue remodeling is restructuring the tissue, in a highly coordinated
process, to achieve the dynamic equilibrium of this tissue. This process can either be
physiological or pathological.

Principally, hard tissue remodeling occurs mainly in bone, because of the synchronized

activities of different cells, especially osteoclasts and osteoblasts. Compared with bone the
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other hard tissue are quite stable structures. In this work we will try to specify the interaction
between the osteoclasts and the different hard tissues -in vitro- as a step to improve our
understanding of hard tissues damage and injury mechanics, as well as of the phenomenon

of healing and hard tissue remodeling.

1.1.1 Bone

Bone is a mineralized connective tissue that exhibits four types of cells: osteoblasts, bone
lining cells, osteocytes, and osteoclasts (Buckwalter et al., 1996). Bone exerts important
functions in the body, such as locomotion, support and protection of soft tissues, calcium
and phosphate storage, and harboring of bone marrow (Datta et al., 2008).

This hard tissue is composed of inorganic salts and organic matrix (Boskey et al., 2002).
The organic matrix contains collagenous proteins (90%), predominantly type | collagen
and non-collagenous proteins including osteocalcin, osteonectin, osteopontin, fibronectin
and bone sialoprotein Il, bone morphogenetic proteins (BMPs), and growth factors
(Boskey et al., 2002).

The inorganic material of bone consists of phosphate and calcium ions. Calcium and
phosphate ions nucleate to form the hydroxyapatite crystals, which are represented by the
chemical formula Cal0(P0O4)6(0OH)2, and represent 55% of bone in weight. Together with
collagen, the noncollagenous matrix proteins form a scaffold for hydroxyapatite deposition
and this association is responsible for the typical stiffness and resistance of bone tissue
(Datta et al., 2008).

Bone can be described as a dynamic tissue that undergoes continual adaption during
vertebrate life to attain and preserve skeletal size, shape and structural integrity and to
regulate mineral homeostasis. Two processes, modeling and remodeling, support the
development and maintenance of the skeletal system. Bone modeling is responsible for
growth and mechanically induced adaption of bone. Bone remodeling is responsible for
removal and repair of damaged bone to maintain integrity of the adult skeleton and mineral
homeostasis (Raggatt and Partridge, 2010).

These processes occur due to coordinated actions of osteoclasts, osteoblasts, osteocytes,
and bone lining cells which together form the temporary anatomical structure called basic
multicellular unit (BMU) (Andersen et al., 2009).
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Bone matrix plays an essential role in the bone homeostasis. The bone matrix can release
several molecules that interfere with bone cells activity and, consequently, participates in

bone remodeling (Green et al., 1995).

1.1.2 Dentin

Dentin is the hard tissue that forms the bulk of the human teeth. In the coronal part of the
tooth, dentin is capped by enamel, which is the hardest substance in the human body and
contains the highest percentage of minerals (96 % in weight), and in the root it is covered
by cementum which is an important structure in attaching the tooth to the bony socket.
(Fig.1)

On a weight basis, dentin is more mineralized than bone or cementum, about 65% in
weight (Goldberg et al., 2011). The organic matrix in dentin consists majorly of collagen,
mainly type I, and the Non-collagenous molecules and extra cellular matrix proteins (ECM)
like: osteopontin, osteocalcin and osteonectin.

Odontoblasts are responsible for odontogenesis. In the course of this process, the cells
polarize, elongate and start to display two distinct parts: a cell body and a cell process. At
the terminal polarization they produce the dentin with cell bodies located outside the
predentine/dentin layer at the periphery of the pulp and the cell processes crossing the
predentine and extending inside dentin tubules up to the dentin-enamel junction. In
contrast with bone, dentin is not vascularized. Tubules are characteristic of dentin; the
diameter of the dentine tubules varies between 2 and 4 micrometers. The number of
dentine tubules is about 18.000 and 21.000 tubules per mm?2. The tubules are more
numerous in the inner layer than the outer layer of the dentin (Schilke et al., 2000).
Odontoblasts continue to form the so-called primary dentin, until the tooth becomes
functional, when contacts between antagonistic cusps are established. Then the formation
of secondary dentin starts immediately and continues slowly throughout life.

Dentin resorption is mediated exclusively by so-called Odontoclasts, cells resembling
osteoclasts (Steiniger et al., 2010). The resorption can be internal or external, internal
resorption starts from the pulp as a result from chronic pulpitits. In contrast to internal
resorption, the external resorption originates in the PDL as a result of inflammatory
response after a trauma or orthodontic tooth movement. In this form of resorption, the

cementum tissue is to be resorbed firstly till the resorption extends in to dentin.
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1.1.3 Cementum

Root cementum is a mineralized tissue covering the entire root surface and functions as
a tooth-supporting structure in concert with the periodontal fibers and alveolar bone.
Cementum is often referred to as a bone-like tissue. However, cementum is avascular,
does not undergo dynamic remodeling and increases in thickness throughout life.
Cementum is receiving its nutrition from the surrounding vascular periodontal ligament.
On these points, cementum is markedly different from bone (Yamamoto et al., 2016).
Cementoblasts are the cells responsible for cementum formation. When these cells
become entrapped in the cementum, they are called cementocytes.

Different kinds of cementum are formed: acellular and cellular, and fibers can be intrinsic
or extrinsic, resulting in four types of cementum: 1) Acellular extrinsic fiber cementum,
which generally covers the cervical root surface 2) Cellular intrinsic fiber cementum.
3) Cellular mixed stratified cementum, which is seen in the interradicular and apical

regions of roots. 4) Acellular afibrillar cementum (Bosshardt and Selvig, 1997) (Fig.1)

Fig. 1: longitudinal section of upper central incisor (taken by the author)

Cementum consists of 45% to 50% inorganic matrix, mainly hydroxylapatite, and 50% to
55% organic matrix by weight, what makes it softer than dentin. The organic portion
consists predominantly of collagen type | and non-collagenous proteins like bone
sialoprotein and osteopontin, which play important roles in the mineralization process and
the binding of collagen fibrils and hydroxyapetit (Bosshardt and Nanci, 1998).


https://en.wikipedia.org/wiki/Periodontal_ligament
https://en.wikipedia.org/wiki/Hydroxylapatite
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The function of cementum is not only limited to tooth support, it plays an important role in
adaptation which means reshaping the root surface during tooth movement, by filling
resorbed root surfaces, and compensating for crown wear that results from the masticatory
stress loaded on the tooth (Schroeder, 1993).

1.2 Osteoclasts

One important feature of bone is the existence of a cell that continuously resorbs the hard
tissues. This cell is called the osteoclast and it can degrade mineralized tissue.
Osteoclasts are also responsible for the degradation of dentin and cementum during the
root resorption process, which is considered to be physiological in the primary dentition
and a pathological process in the permanent dentition.

1.2.1 Origin

Osteoclasts were discovered by Rudolph Albert von Kolliker in the year 1873 (Feyen,
1986). They are giant multinucleated cells that usually contains 10-20 nuclei per cell.
Osteoclasts are located on the endosteal surface of Havarsian canals surface beneath the
periosteum. These cells are generally rare in number- only 2-3 per um3 - except at sites
of increased bone turnover such as the metaphysis of growing bones. Although potential
precursors are found in the peripheral blood and spleen as well as within the bone marrow,
mature osteoclasts are rarely observed off the bone surface, except in some diseases
such as giant cell tumors (Darling et al., 1997).

Osteoclasts are formed by fusion of mononucleated osteoclast progenitors derived from
hematopoietic cell lines of the macrophage/monocyte lineage.

The progenitor cells giving rise to osteoclasts, macrophages, and dendritic cells in the

immune system are very closely related (Lucht, 1980).

1.2.2 Differentiation

The progenitor cells require stimulation by macrophage colony-stimulating factor (M-CSF),
a cytokine expressed by osteoblasts, and by many other cell types. M-CSF is needed for
the proliferation and survival of the progenitor cells. Receptor activator of nuclear factor
kappa-B ligand (RANKL) is a member of the tumor necrosis factor (TNF) superfamily

whose expression is induced in osteoblastic stromal cells. RANKL is also expressed by
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other cells such as activated T Lymphocytes and can be induced in fibroblasts from
synovial tissues and from periodontal ligament, whereas gingival fibroblasts seem not to
express RANKL (Nakashima et al., 2011; Xiong et al., 2011).

RANKL interacts with its cognate receptor RANK, a type 1 transmembrane protein another
member of the TNF receptor family. It functions as a homotrimer, on osteoclast precursors
and osteoclasts to promote differentiation of osteoclasts precursors and activation of
mature osteoclasts to resorb bone. Addition of RANKL along with M-CSF to normal
osteoclast progenitors in vitro in the absence of bone marrow stromal cells is sufficient to

induce osteoclastogenesis and resorption (Roodman, 2006) (Fig. 2)

resorpting
Hematopoietic Osteoclast Osteoclast with Osteoclast

stem cell precursor multiple nuclei
7 receptor RANKL Cts K
NEATEL B3 integrin

Fig. 2: Formation of multinucleated osteoclasts from Hematopoietic stem cells the figure
shows the critical molecules affecting osteoclasts differentiation like RANKL and M-CSF
(left). Cell-cells fusion forms multinucleated osteoclasts. Mature osteoclast cell is known
by the specific genes like Tartrate-resistant acid phosphatase and Cathepsin K (right).
(modified from Lee, 2010)

1.2.3 Activity

Bone must be demineralized before the matrix is accessible for matrix degrading
enzymes. The capacity to produce acid in a closed milieu (the resorption lacuna) is what
provides the osteoclasts with the unique ability to resorb bone. Therefore, physiological
and pathological remodeling and modeling of bone requires osteoclasts.

Polarized osteoclasts have a basolateral domain that doesn't face bone and a resorptive
surface that forms a characteristic sealing zone and F-actin ring at sites of bone contact.
The integrin avB3 -also known as vitronectin receptor (VNR)- mediates the attachment of

the sealing zone to the bone surface. Inside the sealing zone, the resorptive surface of the
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osteoclasts forms a unique and specialized ruffled border at the interface with bone where
proteolytic enzymes and hydrogen ions are released to degrade and resorb both the
mineral and organic components of the bone matrix.

When osteoclasts are plated on bone surfaces, a characteristic "resorption pit" is formed
below the cell within the sealing zone. These resorption lacunae are never seen in the
absence of osteoclasts and are not produced by macrophages. The capability to efficiently
excavate bone is a unique function of osteoclasts (Holtrop and King, 1977) (Fig. 3 and
Fig. 4).

Fig. 3: An osteoclast cell sitting in a Howship's lacuna with the specialized ruffled border
(black arrows) that opposes the surface of the bone surface. (modified from Essential
Histology 2nd edition, 2001. David H.Cormack)
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Fig. 4: lllustration of Mature osteoclasts are attached to bone through avp3-expressing
vitronectin receptors and in the sealing zone, osteoclasts form the ruffled border in which
proton pump subunits and a chloride channel is present. (source: wikidoc.org)

It was unexpectedly found that the receptors for well-known stimulators of bone resorption
like parathyroid hormone and 1,25(OH)2-vitamin D3 were not present on osteoclasts or
their progenitors, but on osteoblasts. Since then it has been found that receptors for most
hormones and cytokines stimulating osteoclast formation are expressed by osteoblasts
(McSheehy and Chambers, 1986).

More recent work has revealed that osteoclasts vice versa are capable of affecting
osteoblastogenesis through secretion of several different signaling molecules (Henriksen
et al., 2014). Differentiation of osteoclast progenitors depends on expression of (RANKL)
by osteoblasts, which binds to the cognate receptor RANK on osteoclast progenitors.
RANK signaling is the most crucial event for the progenitors to differentiate along the
osteoclastic lineage. The activation of RANK is depressed by osteoprotegerin (OPG)
acting extracellularly by binding to RANKL. Osteoprotegerin is expressed by osteoblasts
and stromal cells in bone marrow and most hormones and cytokines stimulating
osteoclastogenesis not only increase RANKL but also decrease OPG and, thereby,
increase the RANKL/OPG ratio (Nakashima et al., 2012).
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These observations demonstrate that osteoblasts are not only bone forming cells, but also
cells crucial for regulating osteoclast formation.

1.2.4 Coupling of resorption to new bone formation
One of the most distinctive features of bone remodeling of both cortical and trabecular
bone is the precise coupling of bone resorption and formation.
The following sequence is hypothesized as a mechanism for controlling the initiation and
coupling of the remodeling process (Roberts and Hartsfield, 2004; Roberts et al., 2006b):
1 Inflammatory cytokines (prostaglandins, IL-183 and others) are released from bone
and possibly dentine microdamage.
Mineralized collagen is exposed to extracellular fluid.
Osteoblasts react by producing RANKL.
Pre-osteoclasts from circulating blood have RANK receptors, that are activated by
RANKL to form resorbing osteoclasts.
5 As bone is resorbed, growth factors are released, which stimulate osteoblasts to
produce OPG that will inhibit the activity of the osteoclasts.
6 Mononuclear cells move in and coat the resorbed surface with a cementing layer.
7 Perivascular osteogenic cells migrate and differentiate to preosteoblasts, which
then divide and form osteoblasts (Roberts et al., 1987h).
8 Osteoblasts form new bone, fill the resorption cavity and complete the process of

remodeling (Fig. 5).

The remodeling process does not change the size or shape of the bones. When the
amount of new bone formed is equal to that which is being resorbed, bone remodeling is
in balance and bone mass is preserved. Remodeling takes place on surfaces of cancellous
and cortical bones, as well as within cortical bone in the Haversian canals. It is more
frequent in cancellous bone, which is the reason why metabolic bone diseases like
osteoporosis mainly affect bones containing cancellous bone, like the vertebrae and distal
radius. It is not known in detail how osteoclasts can recognize damaged bone, but
remodeling is believed to be initiated by osteocytes sensing microcracks in the mineralized
bone extracellular matrix, resulting in osteocyte apoptosis, which triggers osteoclast

formation and resorption of the micro-damaged bone (Martin and Seeman, 2008).
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Fig. 5: (a) A longitudinal section through a cortical bone moving to the left via remodeling
process demonstrates the intravascular and perivascular mechanisms for coupling bone
resorption (R) to formation (F). Inflammatory cytokines will attract Lymphocytes (L) from
the circulation, which in turn will recruit pre-osteoclasts (POcl). (b) A magnified view
illustrates the proposed mechanism for coupling bone resorption to formation via the
genetic RANK/RANKL/OPG mechanism. (left) damaged bone stimulates osteocyte to
produce inflammatory cytokines. Osteoblasts react by producing RANKL (red small dots).
Differentiated Osteoclasts (bottom left) start resorbing bone which releases growth factors
that stimulate the Osteoblasts to release osteoprotogerin (OPG) to stop the differentiation
of the osteoclasts. Mononuclear cells (bottom center) build a cementing substance to form
a resorption arrest line (shown in green). Preosteoblasts migrate from the circulation and
differentiate into Osteoblasts that produce new lamellar bone to fill the resorption cavity
(bottom right). (modified from Roberts et al., 2006)
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1.2.5 Methods for differentiation of osteoclasts

The ability to culture and study osteoclasts in vitro is one basic technique for studying
bone metabolism, the mechanisms of bone disease or any novel skeletal therapeutic
agent.

In the past, osteoclasts were isolated as mature cells from neonatal animals (reflecting the
requirement for rapid remodeling during growth), by fragmentation of their bones in a
suitable liquid medium. The suspended osteoclasts, along with other cell types, including
osteoblasts, fibroblasts, and stromal cells, are then allowed to sediment on to bone or
dentine slices, on which they excavate typical resorption pits. These methods are now
rarely used but knowing them helps in understanding how modern methods were derived
(Boyde,1984; Chambers et al., 1984).

Rodent osteoclast cultures

Mature osteoclasts can be mechanically isolated from long bones of new-born rats (2—-4
days). Long bones of new-born rats are isolated, cleared of soft tissues using sterile
surgical blades and placed in ice-cold phosphate-buffered saline (PBS). Bone cells
are then isolated by finely chopping the bone using a scalpel blade. Osteoclast isolation
is performed wusing medium Dbuffered with HEPES (4-(2-hydroxyethyl)-1-

piperazineethansulfonic acid) (Chambers and Magnus, 1982).

Chicken osteoclast cultures

Mature chicken osteoclasts can be isolated from female White Leghorn chicks that have
been kept for 7 days on a low-calcium diet, to enhance osteoclastogenesis and bone
resorption. After killing, femurs and tibias are collected, cleaned of soft tissue and placed
in ice-cold PBS. The bones are then fragmented with sterile surgical blades and
sharpened needles used to gently scrape the cells from the bone into fresh PBS
(Zzambonin et al., 1980).

Rabbit osteoclast cultures
Osteoclasts can be isolated from the long bones of 2—4-day-old rabbits. The limbs are

carefully dissected out, the skin removed, and the limbs transferred into a tube containing
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ice-cold (PBS). The isolated bones are finely minced into small pieces in a Petri dish with

a small volume of culture medium (Coxon et al., 2012).

The development of long-term osteoclast forming cultures, using hematopoietic precursor
cells derived from bone marrow, was the key step toward the current methods (Takahashi
et al., 1988). For example, mouse osteoclasts can be generated from total bone marrow
or by co-culturing previously isolated osteoblasts and bone marrow cells together.
Supplementation with factors such as 1,25 Dihydroxy vitamin D3 (1,25(0OH)2D3) and
prostaglandin E2 (PGEZ2) is required to promote the expression of RANKL and M-CSF by
osteoblasts, leading to osteoclast formation. This method can also be used to generate
rabbit and human osteoclast-like cells using whole bone marrow isolated from 2—4 days-

old rabbits or human adult volunteer donors respectively (Suda et al., 1992).

The generation and study of osteoclasts was definitely changed by the identification of M-
CSF and RANKL as the essential cytokines responsible for the differentiation of
hematopoietic stem cells into mature and functional osteoclasts (Takahashi et al., 1999).
This method is the most widely used for studying osteoclast function in vitro because of
the several important advantages (Yasuda et al., 1998): (1) Large numbers of osteoclasts
can be obtained (2) Osteoclastogenesis occurs in cultures that are relatively free of the
confounding influence of stromal cells/pre-osteoblasts. (3) The processes of osteoclast

formation and activation can be studied independently.

Recombinant M-CSF and RANKL are now widely available, allowing researchers to easily
generate osteoclasts in vitro for different study purposes. A variety of cell populations can
be driven to differentiate into multinucleated bone resorptive osteoclasts. This includes
directly treating adult mouse bone marrow cells or mouse/ human PBMCs with M-CSF
and RANKL.

Isolation of human osteoclast precursors

To generate human osteoclasts, peripheral blood mononuclear cells (PBMCs) are first
isolated from samples of fresh peripheral/venous blood by density centrifugation. PBMCs
are cultured in the presence of M-CSF to expand the precursor population, and then



22

supplied with both RANKL and M-CSF to generate osteoclasts (Henriksen et al., 2012).
Alternatively, the RAW 264.7 murine macrophage cell line can be used as an abundant

source of RANKL-sensitive osteoclast precursors (Teitelbaum, 2000) - see 1.4.3 -.

1.3 Difference between humans and mice

Human and mouse share closely related genomes. Both species have similar numbers of
protein coding genes, about 30.000. This means that humans share approximately 92%
of their genes with mice (Waterston et al., 2002). Morphological and physiological
differences between human and mouse do not underlie mainly in the DNA, they derive
from changes in non-coding and/or coding sequences in the human and mouse genomes,
in other words, the mechanisms that are used by cells to increase or decrease the
production of specific gene products like proteins, for example a single gene can code for
multiple proteins in a process called alternative or differential splicing. On the other hand,
in gene silencing process the expression of a certain gene is reduced (Richard et al.,
2003). This turn on (expression) and turn off (repression) mechanism is an important part
of development as it determines the function for each cell and allows cells to react to

changes in their environments.

1.4 RAW 264.7 cells

Osteoclasts can be generated from some immortalized cell lines, of which the most
commonly used is the murine macrophage cell line RAW 264.7 (Collin and Osdoby, 2012).
Using a cell line rather than primary cells has several advantages, including wide
availability, removing the need to kill a live animal, and ease of transfection.

RAW 264.7 cells are a transformed macrophage cell line isolated from ascites of mice
infected with Abelson murine leukemia virus. RAW 264.7 cells can be grown and
differentiated on plastic, glass or dentine depending on the experimental purpose and can
be analyzed using the same techniques used for primary osteoclasts (Collin and Osdoby,
2012). The number of the differentiated osteoclast-like cells varies considerably with both
the number of cells seeded and the passage number of the RAW264.7 cells used. Early
and late passages tend to produce low numbers of osteoclasts with optimal results

achieved using cells from passages 4 —18 (Marino et al., 2014).
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1.4.1 Gene expression profiles of differentiating RAW 264.7 cells

The RAW 264.7 cells are being described as an appropriate model for macrophages. They
can perform pinocytosis and phagocytosis. Osteoclasts differentiated from RAW 264.7
acquire activity of Tartrate-Resistant Acid Phosphatase (TRAP) which is the best-known
marker for osteoclasts.

A recent study by Taciak et al., investigated phenotype and functional stability of the RAW
264.7 cell line using analyses of their gene expression. They selected the panel of genes
involved in macrophage metabolism like: CD11b, CD14, Ireb-2, CD36, INOS, CD11c,
VEGFR2, TRAP and HIF-2a, which were involved in macrophage functions, and another
set of genes, associated with macrophage activation: CD86, HIF-1a, CD11a, CD18,
CD206, CD200R and Glutl (Taciak et al., 2018). The study concluded that the phenotype
and functional characteristics of RAW 264.7 are stable and offer the possibility of long-

term growth in culture.

1.5 Heterogeneity of osteoclasts

It's generally assumed that osteoclasts are similar regardless of the skeletal site where
they perform their resorption activity, the idea of heterogeneity of osteoclasts was obtained
from studies in which osteoclasts activity was influenced by stimulatory or inhibitory agents
and from observation in inflammatory bone conditions.

A remarkable observation was made by Kanehisa (1989), who investigated the calcitonin-
induced inhibition of osteoclast functionality and found that while most cultured rabbit
osteoclasts exposed to calcitonin stopped migrating and started contracting, some cells
showed no changes in cytoplasmic motility or general morphology. Another example that
points to a heterogeneity of osteoclasts was reported by Owens and Chambers (1993),
who found that although M-CSF increased the percentage of migrating rat osteoclasts
from 10% to 60%, the remaining 40% of osteoclasts did not respond to this cytokine.

The observations of Hall et al. (1993), showed that while 75% of rat osteoclasts required
continued mRNA and protein synthesis to resorb bone when cultured in vitro, some cells
still actively resorbed in the presence of the inhibitors actinomycin D and cycloheximide.
Furthermore, Nordstrom et al. (1997) observed heterogeneity in the resorption activity of
osteoclasts in terms of increased V-ATPase activity in response to a decrease in

extracellular pH.
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1.5.1 Role of the substrate for the heterogeneity of osteoclasts

The chemical and physical properties of the extracellular matrix (ECM) have a profound
influence on the activity and fate of adherent cells. Variations in properties such as matrix
molecular composition, and surface topography, can greatly affect many cellular
processes, including adhesion, migration, ECM remodeling, cell proliferation, gene
expression and cell viability (Geiger et al., 2009; Kunzler et al., 2007) .The interaction
between the (ECM) of bone and osteoclasts stimulates differentiation, adhesion, migration
and polarization (Duong and Rodan, 2001).

Differentiation of monocytes into osteoclasts occurs on unnatural surfaces such as glass,
but the formation of sealing zones is generally not observed (Saltel et al., 2004). This
implies that different substrates influence the morphology and possibly the function of
osteoclasts.

Rumpler et al. (2012) studied the resorption activity of osteoclasts on three different
tissues: bone, bleached bone (bone after partial removal of the organic matrix), and dentin.
The study revealed lowest resorption activity on bone, significantly higher resorption on
bleached bone, and highest resorption on dentin. He interpreted his results with a possible
inhibitory impact of the proteins secreted by osteocytes and stored in bone matrix, which

are not present in dentin.

1.5.2 Odontoclasts and cementoclasts

Clastic cells are the cells involved in resorption other than monocytes and macrophages
which include osteoclasts, odontoclasts, and cementoclasts (Shafer et al., 1963).
Odontoclasts and cementoclasts share the same origin with osteoclasts. Odontoclasts are
derived from tartrate-resistant acid phosphatase (TRAP)-positive circulating monocytes
and are generally smaller in size, have fewer nuclei and form smaller resorption lacunae
than the osteoclasts (Babaji et al., 2017). Cementoclast formation may be induced by
Prostaglandin E2 (PGE2) which controls the balance of RANKL/OPG expression levels in
cementoblasts. PGE2 stimulates cementoblast-mediated cementoclast activity in
vitro through the control of RANKL, interleukin-6 (IL-6), and Osteoprotegerin (OPG)
synthesized in cementoblasts, mainly through the EP4 pathway. EP4 is the prostaglandin
receptor for prostaglandin E2, and mediates the cellular responses to PGE2, in the same
matter to the role of PGE2 in osteoblasts (Oka et al., 2007).
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Odontoclasts differentiate from circulating progenitor cells which reside in the dental pulp
and periodontal ligament (PDL), and they share similar characteristics with osteoclasts
such as the expression of cathepsin K, cathepsin D, TRAP, Matrix metallopeptidase-9
(MMP-9), H+-ATPase, membrane Type I-MMP expression, and the formation of a clear
zone and ruffled border (Wang and McCauley, 2011). The RANK receptor is expressed
by odontoclasts and RANKL by odontoblasts as well as by PDL fibroblasts (Harokopakis,
2007). Resorptive cells play an important role in dental health and diseases. The resorbing
activity of odontoclasts is controlled by the expression of the OPG/RANKL/RANK system
via PDL cells (Oshiro et al., 2001).

During orthodontic tooth movement, on the compressed side of the tooth, RANKL
expression is induced, that activates osteoclastogenesis, which facilitates bone resorption
(Oshiro et al., 2002). In contrast there is an increase in OPG synthesis on the tensile side
of the moving tooth, which in turn inhibits the osteoclastogenesis. The relative expression
of OPG and RANKL regulates bone remodelling during orthodontic tooth movement
(Tyrovola et al., 2008). Excessive application of orthodontic force induces local tissue
degradation and formation of hyalinized areas in the PDL. Macrophages and
cementoclasts are involved in the removal of these tissues by a process that includes
inflammatory characteristics (Brezniak and Wasserstein, 2002).

Loss of the cementum layer, which protects the underlying dentine, will expose the dentine
to osteoclast precursor cells which will differentiate into odontoclasts that attack the

dentine tissue and lead to irreversible loss of tooth structure (Olivieri et al., 2012).

1.6 In-vitro-methods for culturing RAW 264.7 cells

Osteoclast differentiation and resorption activity of these cells is regulated by a variety of
factors including cytokine signaling (RANKL), integrin-based attachment to substrate
(itgh3) and the chemical and physical nature of the mineralized resorption substrate itself
(Purdue et al.,, 2014). The identification of RANKL/RANK signaling as an essential
requirement for osteoclast formation, allowed the induction of primary osteoclast precursor
cells like bone marrow macrophages (BMMSs), splenocytes, and peripheral blood
monocytes to osteoclastic differentiation in-vitro by culture in presence of recombinant
M-CSF and RANKL (Quinn et al., 1998). The use of these primary cells is associated with
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some difficulties like limited availability, variation in response patterns between different
preparations and most importantly these primary cells are virtually untransfectable and
thus are poorly suited for genetic manipulation and promoter studies (Cuetara et al., 2006).
The mouse macrophage cell line RAW264.7 has been identified as a transfectable RANK
expressing cell line (Hsu et al., 1999). RANKL has been shown to activate NF-kB and to
induce limited osteoclastic differentiation and bone resorption in RAW264.7 cells (Matsuo
et al., 2004). The RAW264.7 cell line is well characterized with regard to macrophage
mediated immune, metabolic, and phagocytic functions and is increasingly used and
accepted as a cellular model of osteoclast formation and function (Li et al., 1996;
Battaglino et al., 2004).

Numerous artificial substrates have been used to study the differentiation and the
resorption behavior of osteoclasts, like hydroxyapatite (Narducci and Nicolin, 2009),
calcium phosphate (Doi et al., 1999), TCP (Tissue culture plastic) (Detsch et al., 2008).
Since fully functional osteoclasts exist especially upon bone surfaces in vivo, different
natural mineralized substrates were used to study osteoclasts biology, e.g., bone and
dentine (Boyde et al., 1984; Sriarj et al., 2009). These natural substrate favor osteoclasts
adhesion and resorption because of the formation of podosomes, which are integrin-based
and demonstrate actin-rich adhesive structures (Luxenburg et al., 2007).

Previous studies have demonstrated how bone substrates can regulate osteoclasts gene

expression (Rumpler et al., 2013; Purdue et al., 2014).

1.7 Gene expression profiles

Gene expression is the process by which the information is taken from the DNA and
converted into a functional product, such as a protein. There are two key steps involved
in gene expression: transcription and translation. Transcription is when the DNA is copied
to produce an RNA transcript called messenger RNA (mRNA). Translation occurs after
the mRNA has carried the transcribed message from the DNA to protein-making factories
in the cell, called ribosomes (Crick, 1970).

A cell expresses only a selection of the genes it contains at any one time, which means
that the cell can interpret its genetic code in different ways. Controlling which genes are
expressed enables the cell to control its size, shape and functions (Papatheodorou et al.,
2015).
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Gene expression profiling measures which genes are being expressed in a cell at any
given moment (Metsis et al., 2004). It is the measurement of mMRNA levels, which shows
the pattern of genes expressed by a cell at the transcription level (Fielden and
Zacharewski, 2001).

1.7.1 Methods and technical principles of gene expression analysis

Different techniques are used to determine gene expression. These include DNA
microarray hybridization, which measures the relative activity of previously identified target
genes, and sequencing technologies like RNA-Seq that identify all the active genes in a
cell in addition to their expression level (Stahlberg et al., 2011).

Hybridization-based approaches involve incubating fluorescently labelled cDNA with
custom-made microarrays or commercial high-density oligo microarrays which means that
they depend on prior sequence knowledge; therefore, they cannot detect structural
variations or isoforms, they produce relative expression levels of genes and suffer from
biases.

On the other hand, sequence-based approaches provide a comprehensive view of the
transcriptome because they are not dependent on any prior sequence knowledge, instead
every single transcript -known or unknown- in the sample is sequenced, which enables
the identifications of structural variations such as gene fusion and novel genes.
Sequencing data can be reanalyzed when new discoveries are made. RNA-Seq is
relatively more expensive than the microarrays but the costs depend on the complexity of
the information that is anticipated (Zhao et al., 2014).

RNA-Sequencing can be divided into direct and indirect method. In the direct method,
RNA is extracted, isolated and directly sequenced, but this approach is expensive and
generally impractical because of the difficulty in RNA handling.

With the indirect method, isolated RNA is converted to a library of cDNA fragments with
adaptors attached to one or both ends (Fig. 6). Each molecule, with or without
amplification, is then sequenced in a high-throughput manner to obtain short sequences
from one end (single-end sequencing) or both ends (pair-end sequencing). The reads are
typically 30-400 bp, depending on the DNA-sequencing technology used. Following
sequencing, the resulting reads are either aligned to a reference genome or reference

transcripts. Alternatively, they are assembled de novo without the genomic sequence to
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produce a genome-scale transcription map that consists of both the transcriptional and/or
level of expression for each gene (Wang et al., 2009).

Several studies comparing RNA-Seq and hybridization-based arrays have been
performed, Marioni et al. (2008) compared the ability of the RNA-Sequencing to identify
differentially expressed genes with existing array technologies. They found that RNA-Seq
data was highly reproducible, with relatively little technical variation and the differentially
expressed genes identified from RNA-Seq overlapped well with those identified by
microarray. Fu et al. (2009) designed a study in which they used protein expression
measurements to evaluate the accuracy of microarrays and RNA-Seq for mRNA
guantification. They showed that RNA-Seq provided better estimates of absolute transcript
levels. Zhao et al. (2014) compared both approaches using transcriptome profiling of
activated T Cells. They concluded that RNA-Seq is more sensitive in detecting genes with
very low expression and more accurate in detecting expression of extremely abundant

genes. RNA-Seq also has a wider dynamic range than microarrays.
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Fig. 6: lllustration of the indirect method of RNA-Sequencing. First, long RNAs are
converted into cDNA fragments (Top). Sequencing adaptors (blue) are subsequently
added to each cDNA fragment and a short sequence is obtained from each cDNA using
high-throughput sequencing technology (middle). The coding sequence obtained from the
reads is aligned with the reference transcriptome or so-called Open Reading Frame (ORF)
to identify the genes. Reads can be divided into: exonic, junction and poly(A) end-reads.
These three types are used to generate a base-resolution expression profile for each gene
(bottom) (modified from Wang et al., 2009)
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1.8 Aim of the study

The aim of this study was firstly to establish a protocol to differentiate the murine
macrophage cell line RAW 264.7 into functional osteoclasts on different hard tissue
substrates. Thereatfter, it was intended to differentiate the cells under different conditions
and to examine them with respect to possible morphological differences using light and
electron microscope. In a last step, it was planned to identify possible influences of the
specific hard tissues on the differentiation process of the RAW 264.7 cells by comparing

individual gene expression profiles using RNA sequencing.

It was hypothesized that the macrophagic cells sense the individual hard tissue and while
differentiating into mature osteoclasts-like cells respond and develop in a specific way

depending on the tissues that they resorb.
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2. Materials and methods

2.1 Differentiation of RAW?264.7 cells

In order to confirm the ability of RAW 264.7 cells to differentiate into resorbing osteoclasts-
like cells, at first, tests were made to identify the morphological changes after
differentiation of RAW264.7 cells into osteoclast-like cells. A pre-experiment was made on
dentine dicsc with 0.3 thickness and 4 mm in diameter (Osteosite, Immunodiagnostic
Systems Ltd): The murine monocyte macrophage cell line RAW264.7 (obtained from the
American Type Culture Collection) was suspended in a-MEM (alpha modification of
Eagle’s medium) supplemented with 10 % FBS (Fetal Bovine Serum) and antibiotics (100
units/ml of penicillin G sodium and 100 pg/ml of streptomycin sulfate) at 37°C in an
atmosphere of 5% CO2. 24 dentine slices were used in a 24-wells plate and sample was
divided in to four subgroups. In two of these subgroups,10.000 cells were seeded and in
the other two groups 50.000 were seeded. The cells were stimulated for 12 days using 1.9
pul RANKL and 1.3 ul M-CSF and the medium was changed every 72 hours.

To determine bone resorption activity of the differentiated osteoclasts-like cells, toluidine
blue Staining was performed (Sigma-Aldrich, catalog Number: T3260-5G) (Vesprey and

Yang, 2016) in two of the subgroups as described below:

1. Dentine discs were washed with 0.5 ml DPBS /well for one minute.

2. The discs were stained with toluidine blue working solution for 3 minutes.

3. Distilled water was used to wash the dentine discs for five times.

4. After dehydration the discs were examined under light reflected microscope.

In the other subgroups, osteoclasts and morphological surface changes of the dentin
slices due to resorption were identified using Scanning Electron Microscope (SEM)

according to the following protocol:

1. Fixation with glutaraldehyde (3%, PH 7.3) at room temperature for one hour.

2. Samples were dehydrated in graded ethanol series:

> 30% EtOH balanced with distilled water for 15 min.
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» 50% EtOH balanced with distilled water for 15 min.

» 70% EtOH balanced with distilled water for 15 min.

» 80% EtOH balanced with distilled water for 30 min. (two times)
» 90% EtOH balanced with distilled water for 30 min. (two times)
» 99.6% EtOH balanced with distilled water for 30 min. (two times)

3. Immersion in HMDS (hexamethyldisilizane) overnight then air dried at room
temperature.

4. Samples were coated with a thin layer of Gold/palladium (AU/Pd) alloy, in a
sputtering process as conducting material to prevent charging the samples with
the electron beam. (see Fig. 7; 8)

5. Samples were scanned with high energy beam in a raster scan pattern, which
means that the SEM directs a focused electron beam across the samples, which
lose energy as it passes through, in form of secondary electrons which are
electrons dislodged from the outer surface of the samples. Because of the
Everhart-Thorley detectors in the SEM these secondary electrons were

registered and magnified three dimensional images were created.

Fig. 7: Dentine discs after Gold/palladium sputtering. (taken by the author)
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Fig. 8: Samples loaded in the scanning electron microscope. (taken by the author)

2.2 Preparation of hard tissue powders

To increase the contact surface between the cells and the different hard tissues in vitro, it

was decided to prepare a powder from each hard tissue as follows:

Bone powder

A small piece of ilium crest bone, which was remained after a bone grafting surgery, was
preserved in 0,5% sodium hypochlorite (NaCLO) for 24h to remove remnants of soft
tissues and prevent bacterial growth. The powder was produced by cutting the piece of
bone using a carbide surgical bur Nr.H161. The estimated size of this powder particles

was approximately between 400 — 700 microns.

Dentin and cementum powder

These powders were obtained from extracted human teeth that were preserved in 0,5%
NaCLO for 24h to remove soft tissues an prevent bacterial growth. Root surfaces were
scratched gently with a scalpel to remove the residual PDL tissues (Fig. 9), the apical third

of the root was circumferential prepared, because of the increased thickness of cementum
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in this third (Yamamoto et al., 2016). Bur Nr.H161 was used in the preparation to produce
cementum powder. Presumably, the gained cementum should be primarily cellular
cementum due to its location on the dental root (Yamamoto et al., 2016). The estimated
size of cementum powder particles was between 600 — 1100 microns (Fig. 10).

Dentine powder was produced by preparing the cervical third of the root after removing
the superficial layer of cementum with the same bur Nr.H161. The size of dentine particles

was estimated to vary between 400 - 1000 microns.

\

Fig. 10: Cementum powder after preparation. (taken by the author)

The morphology of the prepared powder samples from the three hard tissues were

visualized using scanning electron microscope and can be seen in figures (11 — 13).
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Fig. 11: Bone powder particles under scanning electron microscope in two different
magnifications x25 (big picture) and x250 (small picture to the right).
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Fig. 12: Dentine powder particles under scanning electron microscope in two different
magnifications x25 (big picture) and x250 (small picture to the right).
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Fig. 13: Cementum powder particles under scanning electron microscope in two
different magnifications x25 (big picture) and x250 (small picture to the right).

To determine the osteoclast-like character of the stimulated RAW 264.7 cells, they were
cultured on the prepared powders and stimulated with RANKL and M-CSF for 12 days.
Four samples were used, one for each hard tissue including bone, dentine and cementum.
In another sample, the cells were seeded on glass and served as a control sample. At the
end, tartrate-resistant acid phosphatase staining was performed using the Acid
Phosphatase (TRAP) Leukocyte Kit (Sigma-Aldrich, Germany) All samples were assessed
under light reflected microscope (see Fig. 18- 21). To maintain consistency, the following

protocol was used:

Washing of the samples with PBS (Phosphate-buffered saline) medium (Two times)
Cell fixation with 500 pl/well 4% paraformaldehyde for 10 Min.

Washing with PBS for one minute.

Membrane permeabilization with 500 pl/well 0.05% Triton for 3 Min.

Washing with PBS for one minute.

TRAP activation with 500 pl/well Tris-HCL-Puffer at 37°C for 60 Min.

IZENE O
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7. TRAP staining with 250 pl/well solution at 37°C for 60 Min.
8. Washing with water.
9. Counterstaining with 1:2 diluted hemalaun for 5 Sec.

10. Washing with water for 5 minutes.

2.3 Cell culturing for RNA extraction

The murine monocyte macrophage cell line RAW 264.7 was suspended in a-MEM
supplemented with 10 % FBS and antibiotics at 37°C in an atmosphere of 5% CO2 as

described before.

The cells were seeded at a density of 3x10 cells /well in 6-well plates. Five plates were
used, one for each powder sample: dentine, cementum and bone. The powder was utilized
in the amount of 0.01 g/well. One of the other two plates served as a positive control
sample, with RAW 264.7 cells stimulated with RANKL and M-CSF, and one plate as
negative control sample, in which the cells were not stimulated.

The three plates with powder in four wells (0.01 g/well) were sterilized under UV-light for
one hour before culturing the cells. Stimulation was done with 10.2ul RANKL and 8.6pl
MCS-F to induce osteoclast-like cells. Medium was changed every 3 days and the total
incubation time was 12 days.

2.3.1 RNA Isolation
After stimulation, cells were lysed in RLT buffer (RNeasy Lysis Buffer) and RNA was
extracted using the Qiagen RNeasy Mini-Kit (Qiagen, Hilden, Germany) in accordance

with the manufacturer's instructions.

2.3.2 Quality control of RNA

RNA concentration and purity were measured using Nanodrop (PeglLab, Erlangen,
Germany). This device measures the fluorescent absorbance of nucleic acid samples
typically at 260 and 280 nm. In all the samples, RNA concentration was more than 100
ng/uL which indicates high cell numbers in the original samples. The A260/A280 ratio was

higher than 2 reflecting purity of the RNA in the samples.
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RNA degradation was measured using the Bioanalyzer instrument with the built-in
software and the accompanied kit (Agilent Technologies, Santa Clara, CA, USA) which
assess RNA integrity by determining the RNA integrity number (RIN). The RIN software
algorithm allows for the classification of eukaryotic total RNA, based on a numbering

system from 1 to 10, with 1 being the most degraded profile and 10 being the most intact.
2.3.3 cDNA library preparation

The extracted RNAs were converted into a cDNA library representing all the RNA
molecules in the samples. This was done using Lexogen QuantSeq 3' mMRNA-Seq Library
Prep Kit FWD (Vienna, Austria) for genome-wide gene expression analysis by sequencing
towards the poly(A) tail. The detailed steps for library preparation using this kit are

available at the company’s website (www.lexogen.com) the major steps were as follows:

1. mRNA was purified from the total RNA by annealing total RNA to oligo-dT magnetic
beads.

2. mRNA strands were broken into multiple small fragments by incubation with
fragmentation reagent.

3. Fragmented mRNAs were primed with random primers.

4. cDNAs were synthesized using reverse transcriptase.

5. Second primer was added to synthesize the second strand of the cDNA which
resulted in double-stranded cDNA.

6. Double-stranded cDNAs were purified and end-repair was performed.

7. Adaptors are ligated to the end-repaired double-stranded cDNAs.

8. cDNA library was amplificated using sequences from the adaptor as primers. Small
numbers of cycles (12) were used to amplify the sequences already present.

9. Libraries were normalized and pooled at even volumes, so that each library was
equally represented.

10.Normalized libraries were sent to the Next Generation sequencing (NGS) core
facility of the medical faculty of the university of Bonn, for cluster generation and
sequencing protocol. For more information about this step please refer to

www.illumina.com.


https://www.lexogen.com/quantseq-3mrna-sequencing/
https://www.lexogen.com/quantseq-3mrna-sequencing/
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2.3.4 Data analysis

The differential expression analysis workflow started with the raw sequence reads, that
we received from NGS core facility, and is briefly described as follows:

1. Quality control of reads: the overall quality of the reads was checked by scanning
the reads for low confidence bases, biased nucleotide composition or duplicates.
This step determines the number of reads which is the basic statistic for the
subsequent analyses.

2. Processing of reads: to remove low-quality bases and artifacts such as adapters.
3. Aligning reads to a reference genome: the goal is to find the origin for every read.
Each read was mapped to a reference and a sequence alignment was created.

4. Genome guided transcriptome assembly: the alignments are used to determine the
genes and transcript models.

5. Calculating expression levels: in this step, the number of reads per gene were
calculated and the data were converted to a table of genes together with their read
counts.

6. Comparing gene expression levels: statistical analysis was performed using
functions implemented in the statistical software R (www.r-project.org), which is an
open source software for statistical programming, and Bioconductor as an add-on
package. All data were subjected to quantile normalization using the limma
package (Ritchie et al., 2015). Briefly, mean values for each sample were
calculated from the raw gene expression data. Because of the difference between
these mean values, normalization was needed to compensate for this difference by
calculating the mean value of the highest expressed gene in each sample. This will
be the quantile normalized value for the genes with the highest expression. The
same procedure was repeated for the 2" most expressed gene and the 3™ gene
and so on till the least expressed gene in each sample. After quantile normalization,
the values for each sample were the same and the original gene orders were
preserved. Selection of differentially expressed genes was performed using the
following statistical filter criteria: Logarithm Fold change (Log FC) = 0.5 and p-value
< 0.05. Fold change is the ratio of the group mean values. In other words, it
describes the quantity change as it shows how many times the expression of a
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gene is increased or decreased by dividing the final value by the initial value which
will result in a ratio. Therefore, increments will have values bigger than 1 and
decrement values will be between 0 and 1. To better visualize the fold changes, the
logarithm to the base 2-fold change was used, transcripts with at least 0.5 log fold
change were selected.

Adjusting the p-values was essential to exclude false positive values resulting from
conducting multiple tests on thousands of expressed genes in a given samples
(Jafari and Ansari-Pour, 2019). In this study the p-values were adjusted for multiple
testing using Benjamini-Hochberg correction. This method controls the False
Discovery Rate (FDR) and calculates the expected proportion of false positives in
relation to all positives which rejected the null hypothesis. By FDR, p-values are
ranked in an ascending array and multiplied by m/k where k is the position of a
p-value in the sorted vector and m is the number of independent tests (Benjamini
and Hochberg, 1995). All adjusted p-values were calculated using a Student’s t-
test.

. Data visualization: Bar plots were used to visualize the number of differentially
expressed genes between the groups of the samples (see Fig. 22; 23). Heatmap
and volcano plots were used to visually demonstrate the change of the gene
expression level between the samples of the experiment. The volcano plot is used
to point out the changes in large data sets composed of replicate data. It
summarizes both fold-change and t-test criteria (Cui and Churchill, 2003) In this
graphic the negative log10- adjusted p-values from the gene-specific t test (Y axis)
are plotted against the log2 fold change between two groups of samples (X axis)
and genes with statistically significant differential expression, according to the
gene-specific t test, will lie above a horizontal threshold line which represents the
nominal significance level. The vertical lines correspond to the up-regulated and
down-regulated fold change thresholds. Plotting points in this manner form two
areas of interest. The points that are found toward the top of the plot which are too
far located either to the left or right side, represent values that display large
magnitude fold changes as well as high statistical significance (see Fig. 27 — 33).

Finally, Venn diagrams (Oliveros, 2007) were prepared to give an overview about
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the numbers of differentially expressed genes between the compared groups
(figures 24 — 26). All these plots were created using R software.

2.3.5 Ingenuity pathway analysis

Pathway analysis allows interpretation of the genetic findings by connecting them to
known biological processes. The transcriptional data from RNA-Seq were uploaded to
Qiagen and evaluated using Ingenuity pathway analysis software (Qiagen IPA 2.4,
Systems Inc., Redwood City, CA, USA). This web-based software uses the single
nucleotide polymorphism database as genetic variants data. IPA has private curated
pathway collections in which each gene is represented in a global molecular network. After
uploading the data, the software automatically displays an overview page with information
like the number of recognized genes, gene IDs and cellular location. Enrichment analysis
was performed to evaluate the data by measuring the percentage of genes that have
differential expression in a pathway. In order to get a list of the most relevant pathways,
the overlap p-value was used which was calculated using Fisher’s Exact test. This value
measures whether there is a statistically significant overlap between the reference dataset
base genes and the experimentally observed gene expression. Also, the quantity z-score
was defined to infer likely activation states of the pathways. The z-score was distributed
with zero mean and standard deviation one. The sign of the calculated z-score reflected
the overall predicted activation state of the regulator (<O: inhibited, >0: activated). The
result page lists several algorithmic generated outputs such as: networks and canonical

pathway. For more information please refer to (www.giagen.com/ingenuity).

In terms of activation, expression and transcription, pathway networks between each
comparison groups of the samples were generated. These networks represent the
molecular relationship between genes as supported by published data stored in the
Ingenuity pathways knowledge base and/or PubMed (Golz et al., 2016). The canonical
pathway visualization is a list of enriched pathways ranked by p-value and percentage of
the overlapping gene mapped against the total number of those in that pathway derived

from gene expression data (Pita-Jua’rez et al., 2018).
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3. Results

3.1 Morphological results

3.1.1 Morphological results using dentine discs

The first experiments were made on dentin discs with two groups of cells with different
numbers (50000 and 10000 cells) to determine the appropriate number of RAW 264.7
cells which allows us to identify the differentiated cells easily. Two samples - one of each
group- were inspected under light reflection microscope without any staining after different
times of incubation (3 and 12 days). Light reflected microscope pictures show the
differentiated cells in both groups, resorption at the edge of the dentin discs is also to be
seen. After 3 days of incubation, we were able to see the extension of some cells as the
initial process of cells fusion in order to form multi nucleated cells. More multinucleated

osteoclast-like cells were identified in the 50.000 cells group (see Fig. 14; 15).

10.000 Cells 50.000 Cells

Fig. 14: RAW 264.7 cells under the inverted light microscope (original magnification 10x
NA 0.2) after three days of incubation. On the left the sample with 10000 cells and on the
right the sample with 50,000 cells can be seen: black areas are the dentine discs the bright
areas are RAW264.7 cells. Fusion between the cells is to be identified (red arrows),
attached cells are to be seen on the edge of the discs (black arrows).
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10.000 Cells 50.000 Cells

Fig. 15: RAW 264.7 cells under the inverted light microscope (original maginification10x
NA 0.2) at the end of incubation. On the left the sample with 10000 cells and on the right
the sample with 50,000 cells can be seen: black areas are the dentine discs the bright
areas are RAW264.7 cells with some cells in fusion to form osteoclast-like multinucleated
cells (red arrows), attached cells and the irregular edge of the discs are to be seen (black
arrows).

Two other samples -one of each group- were stained with toluidine blue to identify the
resorption pits initiated by the osteoclast-like cells after differentiating the RAW264.7 cells
with RANKL and M-CSF for 12 days. Dentine discs were examined under light reflected
microscope. The resorption pits were clearly notable in the group of 50.000 cells and also

more multi nucleated osteoclast-like cells were to be seen in this group (see Fig. 16).
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Fig. 16: Differentiated RAW264.7 cells on dentine discs under light inverted microscope
in two groups: 50000 cells on the left side 10000 cells on the right. Resorption pits on the
dentine discs (red arrows) and multinucleated osteoclast-like cells (black arrows). (original
magnification 30x NA 0.2)

The third group was examined under scanning electron microscope, using different
magnifications. Fig. 17 shows some osteoclasts and resorption pits on the dentin discs
after 12 days of incubation and stimulation with RANKL and M-CSF.
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Fig. 17: Dentin discs under scanning electron microscope. High magnification images (A,
B Top) show the differentiated osteoclast-like cells with their podosoms (arrows). In low
magnification the resorption pits are to be seen (C, D Bottom).

3.1.2 Results using hard tissue powder

TRAP staining was performed on differentiated RAW264.7 cells cultured on three different
samples of mineralized hard tissue powder and on glass to determine the osteoclast-
character of these cells. TRAP positive cells were to be seen under light reflection

microscope in all samples (see Fig. 18; 19; 20; 21).
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Fig. 18: Control sample of RAW 264.7 cells cultured on glass stimulated for 12 days with
RANKL and M-CSF then stained with TRAP. A, B show the cells before staining and C, D
show the cells after staining with many differentiated TRAP positive osteoclast-like cells

(arrows). (original magnification 10x NA 0.2)
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Fig. 19: RAW 264.7 cells cultured with bone powder (red arrows) and stimulated for 12
days with RANKL and M-CSF then stained with TRAP. A, B show the cells before staining
and C, D show the Cells after staining with many differentiated TRAP positive osteoclast-

like cells (black arrows). (original magnification 10x NA 0.2)
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Fig. 20: RAW 264.7 cells cultured with dentine powder (red arrows) and stimulated for 12
days with RANKL and M-CSF then stained with TRAP. A, B show the cells before staining
and C, D show the cells after staining with many differentiated TRAP positive osteoclast-
like cells (black arrows). (original magnification: 10 x NA 0.2)
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Fig. 21: RAW 264.7 cells cultured with cementum powder (red arrows) and stimulated for
12 days with RANKL and M-CSF then stained with TRAP. A, B show the cells before
staining and C, D show the cells after staining with many differentiated TRAP positive
osteoclast-like cells (black arrows). (original magnification: 10x NA 0.2)
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3.2 Results of the RNA Sequencing

3.2.1 General results of the RNA Sequencing

Initially excluded differential gene expression analysis (DGE) demonstrated a huge

number of differentially expressed genes between the groups of the study (Fig. 22).
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Fig. 22: Bar diagram showing the number of differentially expressed genes between the
groups of the samples. (n=4; p <0.05)

To make the results more manageable and getting a better scale we added the logarithm

Fold change (logFC) to the analysis (Fig. 23).
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Fig. 23: Bar diagram shows the number of differentially expressed genes between the
groups of the samples after using the logarithm Fold change. (n=4; Log FC= 0.5; p <0.05)

The groups that include hard tissues samples seemingly induced the highest numbers of
differentially regulated genes. 1930 transcripts were significantly differentially regulated
on cementum compared with the stimulated control group (positive control), 446 between
bone tissue and positive control, 87 between dentin and positive control, 857 between
cementum and unstimulated control group (negative control), 31 between bone and
negative control, 11 between dentine and negative control, 23 between negative and
positive control, 314 between cementum and dentine, 252 between bone and cementum
and interestingly just one significantly differentially regulated gene between dentine and

bone.

The multiple comparisons of the groups are demonstrated with a Venn Diagram (Oliveros,
2007) to illustrate the differences and the similarities between the different groups (see
Fig. 24; 25; 26).
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neg.-pos. ctrl Z neg. - cement

Fig. 24: Venn diagram of differentially expressed transcripts (logFC = 0.5; P < 0.05),
demonstrating differences and similarities in the number of expressed genes between the
negative control group and the other groups of the experiment.

pos. ctrl-bone pos. ctrl-cement

neg.-pos. ctrl pos. ctrl-dentin

Fig. 25: Venn diagram of differentially expressed transcripts (logFC = 0.5; P < 0.05),
demonstrating differences and similarities in the number of expressed genes between the
positive control group and the other groups of the experiment.
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Figure 26: Venn diagram of differentially expressed transcripts (logFC = 0.5; P < 0.05),
demonstrating differences and similarities in the number of expressed genes between the
three groups of hard tissue samples of the experiment.

3.2.2 Verification of osteoclast differentiation

Stimulation of RAW 264.7 cells with RANKL and M-CSF, in the absence of any hard tissue,
induced 23 significantly differentially regulated transcripts (15 overexpressed (1) and 8
repressed (]) genes: see Fig. 27 and supplementary table S1). These genes included
candidates known to be involved in osteoclast differentiation like cxcl2(1), inflammatory
regulators like Trib1(7) or Nrros(1) and cell growth like EGR-1(1).



54

pH{adjusted P-Value)
1.0 15 20 25
I
.
.
L ]
[ ]

0.5

0.0

T T T T 1
-4 -2 0 2 4

logFC
Fig. 27: Volcano plot showing the change in gene expression level after stimulating
RAW?264.7 cells with RANKL and M-CSF on glass. Green indicates overexpressed and
red indicates repressed genes (logFC = 0.5) Grey indicates genes that didn't show

significant change in expression level. The horizontal dashed line represents a significant
level of 0.05.

3.2.3 Impact of different hard tissue substrates

To identify the role of the specific hard tissue on the differentiation of the RAW 264.7 cells,
a comparison of gene expression profile of the differentiated cells on plastic (positive
control group) with that of the cells differentiated on the three different hard tissues was

made.

The comparison between stimulated cells on bone tissue and those stimulated on glass
showed 446 differentially expressed genes. (264 overexpressed (1) and 182 repressed (|)
genes) (see Fig. 28 and supplementary table S2).These included typical osteoclast genes

like Cathepsin K Ctsk(]) and genes involved in inflammatory regulation like trib1(|), gene
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expression regulation like Crtc2(1); Rn7sk(1), cell growth and differentiation like Hspalb(1)
or Hspala(1).
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Fig. 28: Volcano plot showing the change in gene expression level after stimulating
RAW264.7 cells with RANKL and M-CSF on bone tissue. Green indicates overexpressed
and red indicates repressed genes (logFC = 0.5) Grey indicates genes that didn’t show
significant change in expression level. The horizontal dashed line represents a significant
level of 0.05.

The gene expression profile of RAW 264.7 cells stimulated on dentine demonstrated as
well abundant differentially expressed genes compared to the positive control group (51
upregulated (1) genes and 36 downregulated (|) genes) (see Fig. 29 and supplementary
table S3). Among these genes were important regulators for cell growth and differentiation
like GDF15(1), cell cycle and apoptosis like GADD45Gs(1), differentiation regulators like
cx3crl(]) and signaling pathways like Fzd7(1).
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Fig. 29: Volcano plot showing the change in gene expression level after stimulating
RAW264.7 cells with RANKL and M-CSF on dentine tissue. Green indicates
overexpressed and red indicates repressed genes (logFC = 0.5) Grey indicate genes that
didn’t show significant change in expression level. The horizontal dashed line represents
a significant level of 0.05.

When comparing cells differentiated on cementum and cells differentiated on glass, there
were 1930 differentially expressed genes between the two groups (899 repressed (|) and
1031 overexpressed (1)) (see Fig. 30 and supplementary table S4). These gens included
differentiation regulators like 1d1(1) and typical osteoclasts genes like Oscar(]), ctsk(|)
and Trap(]).
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Fig. 30: Volcano plot showing the change in gene expression level after stimulating
RAW?264.7 cells with RANKL and M-CSF on cementum tissue. Green indicates
overexpressed and red indicates repressed genes (logFC = 0.5) Grey indicates genes that

didn’t show significant change in expression level. The horizontal dashed line represents
a significant level of 0.05.

3.2.4 Comparison of the different substrates

Comparing the gene expressing profile of the RAW264.7 cells differentiated on the three
hard tissues revealed a different behavior of the cells, depending on the specific tissue.
The comparison between cementum and dentine showed 314 differentially expressed
genes (186 repressed (|) and 128 overexpressed (1) in the dentine samples) (see Fig. 31
and supplementary table S5). Genes most relevant to osteoclast biology were the Ctsk(1)
and Tartrate-resistant acid phosphatase also called acid phosphatase 5 (7). Other Genes
like Wisp1(t) promote mesenchymal cell proliferation and osteoblastic differentiation,

others are involved in cell proliferation and differentiation, e.g. : Ndrg1(]) and Ddit4(}).


https://en.wikipedia.org/wiki/Mesenchymal
https://en.wikipedia.org/wiki/Osteoblastic
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Fig. 31: Volcano plot showing the change in gene expression level in the RAW264.7 cells
stimulated with RANKL and M-CSF on dentine tissue compared to RAW264.7 cells
stimulated on cementum tissue. Green indicates overexpressed and red indicates
repressed genes (logFC = 0.5) Grey indicates genes that didn"t show significant change
in expression level. The horizontal dashed line represents a significant level of 0.05.

252 genes were differentially expressed when comparing cells grown on bone versus
those on cementum (104 repressed (]) and 148 overexpressed (1) in the cementum
samples) (see Fig. 32 and supplementary table S6). Among them were some important
genes known to be involved in ostseoclast growth and differentiation like Nfatc1(]) and
Src(]) as well as genes related to the activity of the osteoclasts like Acp5(]), Ctsk(]), and
OSCAR()).
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Fig. 32: Volcano plot showing the change in gene expression level in the RAW264.7 cells
stimulated with RANKL and M-CSF on cementum tissue compared to RAW264.7 cells
stimulated on bone tissue. Green indicates overexpressed and red indicates repressed
genes (logFC = 0.5) Grey indicates genes that didn't show significant change in
expression level. The horizontal dashed line represents a significant level of 0.05.

Interestingly, as bone and dentine samples were compared, there was only one
differentially expressed gene, which is Cathepsin K (1) and it was upregulated by 3.8 folds
in dentine samples. (see Fig. 33 and supplementary table S7).
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Fig. 33: Volcano plot showing the change in gene expression level in the RAW264.7 cells
stimulated with RANKL and M-CSF on dentine tissue compared to RAW264.7 cells
stimulated on bone tissue. Green indicates overexpressed genes (logFC = 0.5) Grey
indicates genes that didn’t show significant change in expression level. The horizontal
dashed line represents a significant level of 0.05.

3.2.5 Hierarchical cluster analysis

To show the similarity in the expression level of the top 50 regulated genes between the
samples, hierarchical clustering was used to group similar expression level into clusters.
The resulting hierarchy of clusters is displayed in a tree-form shape called dendrogram.
The gene clusters show similarity between the unstimulated cells and cells stimulated on
glass as well as similarity between bone and dentin samples. A colored representation of
the data in form of a heat map, representing the differential expression of 50 genes, and
the dendrograms are shown in Fig. 34.
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Fig. 34: Heat map showing the top 50 regulated transcripts in RAW264.7 cells for the five
groups of the sample. The low expression value is colored in blue and the high expression
value is in red. Rows represent the genes and are labeled with the gene symbol and
columns represent the samples. The sample legend on the right-hand of the heat map
indicates which color correspond to which group. The dendrogram on the left-hand side
shows clustering of samples as rows and the dendrogram on the top shows clustering of
samples as columns.
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3.2.6 Results of Ingenuity pathway analysis

According to IPA, a total of 266 canonical pathways were activated in bone samples
compared with positive control samples, 392 canonical pathways were activated in dentine
samples compared with positive control samples and 359 canonical pathways were
activated in cementum samples compared with the positive control samples
(supplementary tables supp.Tab.8-supp.Tab.10 and supplement figures supp.Fig.1-
supp.Fig.3). The comparison between the RAW264.7 cells differentiated on the three hard
tissues showed 348 activated canonical pathways in dentine samples compared to bone
samples, 435 activated canonical pathways in cementum samples compared with bone
samples and a total of 407 canonical pathways were activated in dentine samples
compared with bone samples (supplementary tables supp.Tab.11-supp.Tab.13 and
supplement figures supp.Fig.4-supp. Fig.6). Pathway networks between each comparison
group mentioned above are demonstrated in supplement figures (supp.Fig.7- supp.Fig.12)
and supplement tables (supp.Tab.14-supp.Tab.19). Since the corresponding supplements
are very extensive, an imprint in this work has been omitted. The supplements can be
requested at any time by the author or the doctorate supervisor (Prof. Dr. Jager).
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4. Discussion

4.1 Discussing the morphological results

At the begin of this study the fusion process of mononuclear RAW?264.7 cells to form
multinucleated cells, which was induced by the cytokines M-CSF and RANKL, was
verified. After three days of incubation, extensions from the cells and by the end of the
incubation time (12 days), multi nucleated cells were seen. The formation of the multi-
nucleated giant cells was observed in both samples, but with the 50,000 cells sample, the
fusion was obviously facilitated because of the higher density of cells, which resulted in

more multinucleated cells.

Toluidine blue staining was performed to identify the resorption pits initiated by the
differentiated RAW264.7 cells. These resorption pits demonstrate the ability of the
differentiated RAW264.7 cells to resorb hard tissue.

In addition, samples were prepared and examined using the scanning electron
microscope, to visualize the morphological changes on dentine discs after differentiating
the RAW264.7 cells. Osteoclast-like cells with extensions and podosoms were observed.
Long resorbing trenches which correspond to continuous resorption were observed
(Merrild et al., 2015).

Thus, M-CSF and RANKL cytokines were reliable to differentiate the RAW264.7 cells into
multinucleated resorbing cells. Many studies showed the importance of M-CSF gene

osteoclast recruitment and survival (Sanuki et al., 2010; Falkenberg et al., 1990).

As seen in figures 3.1 and 3.2 a lot of the cells were not in contact with the dentine slices,
which means that most of the cells were not in the position to resorb the dentine tissue.
Thus, using these cells to isolate RNA and to study differential gene expression during

resorption of different hard tissues will not be reliable.

In order to increase the contact surface between the cells and the hard tissues it was
decided to prepare powder from the hard tissues, namely from bone, dentin and

cementum.
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To the best knowledge this study is the first one to use the different tooth hard tissues in
form of powder, especially cementum because of the difficulty of preparing study samples

from this hard tissue.

To confirm the differentiation of the RAW264.7 cells into osteoclast-like cells, three hard
tissue powder samples were prepared and the RAW264.7 cells were cultured on them.
Cells were stimulated with RANKL and M-CSF for 12 days and then stained with TRAP.
The hard tissue particles were identified with many TRAP positive osteoclast-like cells in
all three powder samples. Interestingly, the cells in the hard tissue samples looked bigger

with 4-5 nuclei and had more extensions.

4.2 Discussing the differentially gene expression levels

The main goals of RNA-Seq are to identify the gene sequence (the particular order of A,
C, G, U), gene structure (i.e. intron-exon junctions or 5, 3° untranslated regions) and the
abundance of specific RNA molecules in a chosen sample. Abundance means the
numerical amounts of each sequence. Once the sequence and gene structure have been
elucidated, abundance values can be attributed to each gene as well as various features
in their structures, which makes it possible to make comparative studies between healthy
versus sick samples, non-treated versus treated or time point O versus time point 1 in

different samples.

Differential expression (DE) analysis is one of the reliable features of RNA-Seq. DE refers
to the identification of genes that are expressed in significantly different quantities in
distinct samples. In our study we used this analysis to make three main comparisons.
Firstly, between the stimulated and unstimulated RAW264.7 cells to identify the genomic
features of the differentiating osteoclast-like cells. Secondly, between the cells
differentiating on glass and the cells differentiating on three different hard tissues. The last
comparisons were made to study the influence of the specific hard tissues on the

differentiated osteoclast-like cells at transcriptomic level.
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4.2.1 Differential gene expression level during RAW264.7 cells differentiation

Comparison of unstimulated RAW?264.7 cells and those stimulated on glass revealed 23
significantly differentially regulated genes (15 overexpressedt and 8 repressed]). The
highest increase was detected for Trib1 (tribbles pseudokinase 1) (5.91). According to
Satoh et al., Tribl is critical for macrophages differentiation (Satoh et al., 2013). To the
best knowledge, the association between tribl and osteoclast differentiation was not
addressed before but taking into consideration that osteoclasts are the most characterized
type of multinucleated giant cells which are formed by fusion of multiple macrophages, an

involvement of Tribl in osteoclasts differentiation seems reasonable.

C-X-C Motif Chemokine Ligand 2 or Cxcl2 was also significantly increased (5.21). This
gene is involved in osteoclasts differentiation (Dapunt et al., 2014). A study done by
Jeongim et al. (2010), showed also a 4-fold induction of cxcl2 after stimulation of
RAW264.7 cells with RANKL and M-CSF, which verifies the role of this gene in the

differentiation of osteoclasts.

Among the other upregulated genes was the Negative regulator of reactive oxygen
species (Nrros) (3.41). This was also observed by Kim et al. (2015), as Nrros gradually

upregulated during the first three days during RANKL-induced osteoclastogenesis.

Further on, Early growth response 1 (EGR1), was mentioned as a main player in the
regulation of cell growth and differentiation (Liu et al., 1998). It was upregulated by 4.9
folds in the cells differentiated on glass.

Another interesting gene is the transcription factor MafB, which was upregulated by 2.5
folds after stimulation. A previous study by Kim et al. (2007), showed that MafB negatively
regulated RANKL-induced osteoclast differentiation from bone marrow-derived
monocyte/macrophage lineage cells (BMMs) and reported that expression levels of MafB
were significantly reduced by RANKL during osteoclastogenesis which differs from our

findings.

On the other hand, some genes were significantly downregulated, for example Heat shock
protein 8 (Hspa8) by 2.7 folds. This gene was described by Hart et al. (2004), as a
contributor to biological processes like cell growth and differentiation. An association
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between Hspa8 expression and osteoclasts differentiation was mentioned in a recent
study by Notsu et al. (2016). They stated that knockdown of HSPA8 strongly inhibited
RANKL-induced osteoclastogenesis from RAW264.7 macrophage-like cells which

coincides with our findings.

Comparing the expression level of the previously mentioned genes in unstimulated cells
with those in stimulated cells on the three different hard tissues didn’t show any statistically
significant change in expression level in neither of the three hard tissues except for
transcriptional factor Mafb, which was upregulated by 7.5 folds in the cells stimulated on

cementum.

Otherwise, divers genes were differentially expressed in the hard-tissue groups during the
differentiation of the RAW?264.7 cells, like Insulin-like growth factor 1 (IGF-1) which was
upregulated in the three hard-tissue samples by 2.9 folds in the bone samples, 3.6 folds
in the dentine samples and 4 folds in the cementum samples. IGF1 is involved in various
cellular processes including differentiation and morphogenesis. Wang et al. (2006)
showed that IGF1 regulates osteoclastogenesis by promoting their differentiation and IGF-
| deficiency impaired osteoclastogenesis. The expression level change of this gene wasn’t

statistically significant in the absence of mineralized hard tissues.

Growth differentiation factor 15 (GDF15) was also upregulated in the three hard tissue
groups as following: 7.7 in the bone samples, 10.5 folds in the cementum samples and
3.5 folds in the dentine samples. GDF15 belongs to transforming growth factor beta
superfamily. It is upregulated in most organs following injury and seems to have a role in
regulating inflammatory pathways, apoptosis, cell repair and cell growth. A study done by
Westhrin et al. (2015), showed that GDF15 increased osteoclasts differentiation and at

the same time inhibited osteoblasts differentiation in vitro.

FZD7 gene is a receptor for wnt signaling proteins. It was upregulated by 16.3 folds in the
cementum samples and by 4.1 folds in the bone samples but there wasn’t any statistical
significance in the expression level between unstimulated cells and stimulated cells in the
dentine group. According to Weivoda et al. (2015), wnt signaling proteins reduce

osteoclast formation and activate osteoblast formation.
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One most interesting gene was the inhibitor of differentiation 1 or ID1. The Ids family is
responsible for a negative regulation of RANKL induced osteoclastogenesis (Lee et al.,
2006). In this study, ld1 was downregulated after stimulation with RANKL but without
statistical significance compared with unstimulated cells. In contrast, it was significantly

upregulated by 7.4 folds in the cementum samples.

Heat shock 70kDa protein 1B, also known as HSPA1B was markedly upregulated in the
cementum samples by 43 folds but in the other two samples the differential gene
expression wasn'’t statistically significant compared to the unstimulated cells. Its function
contributes to biological processes including signal transduction, apoptosis, protein
homeostasis, cell growth and differentiation (Mayer and Bukau, 2005). Hart et al. (2004)
mentioned the correlation of this gene with the alveolar bone loss in periodontal disease,

as they detected an over expression of Hspalb in osteoclasts.

Of major interest was the downregulation of typical osteoclast genes like Cathepsin K
(Ctsk) and Tartrate-resistant acid phosphatase (TRAP) or Acid phosphatase 5 (Acpb) in
the cementum samples by 5 folds for Ctsk and by 4.3 for Acp5 in comparison with
unstimulated cells. Cathepsin K is an enzyme encoded in humans by the Ctsk gene
(Inaoka et al., 1995). The lysosomal cysteine protease is involved in bone remodeling and
resorption. It is induced during osteoclast precursors differentiation after stimulation with
RANKL and M-CSF. Cathepsin K functions by degrading the organic components of the
bone matrix and is critical for osteoclastic bone resorption. Because of that it is considered
to be the most important proteases in osteoclasts (Li et al., 1995). TRAP or Acp5 serves
as a biochemical marker for osteoclast function because of its expression by osteoclasts,
macrophages, dendritic cells and several other cell types. It can degrade bone matrix
proteins including osteopontin (OPN) and integrin binding sialoprotein (IBSP) and has a
critical role in many biological processes including collagen synthesis and degradation,
cytokine production by macrophages and macrophage recruitment (Hayman, 2008).
Overexpression of Acp5 resulted in enhanced bone turnover and a mild osteoporotic

phenotype (Angel et al., 2000).

The differential gene expression of the described genes is indicative for the hypothesis
that the mineralized hard tissues in contact with cells influences the RANKL-induced

osteoclastogenesis from RAW264.7 cells.
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Next, in order to figure out the impact of the specific type of mineralized hard tissue on the
resorption activity of the differentiated osteoclast-like cells, we compared the differentiated
RAW264.7 cells on glass (positive control group) with the differentiated cells on the three
different hard tissue powders samples and the relevant genes with significant differential

gene expression are mentioned below :

Nrros gene was downregulated in all three samples compared with differentiated cells on
glass, that is by 1.9 folds in the bone samples, 1.8 in the dentine samples and 2.1 in the
cementum samples. Otherwise, Cxcl2 gene was downregulated only on the cementum
samples by 2.1 folds. In the other two groups there wasn’t any significant difference in the
gene expression level of this gene. In the same manner, downregulation of typical
osteoclast genes was recognized. For example, Ctsk was downregulated by 3.2 folds in
the bone samples and in the cementum samples by 4.8 folds but in the dentin groups
there wasn’t any significant difference in gene expression. Also, Asp5 gene was only
significantly downregulated in the cementum samples by 3.5 folds. Of interest was the
repression of the OSCAR gene in the cementum samples. This osteoclast-associated
receptor gene (OSCAR) was mentioned to be upregulated during osteoclast differentiation
(Jung et al., 2008) and its expression has been associated with both bone loss and
inflammation in human diseases (Humphrey and Nakamura, 2016). The differential gene
expression of this gene wasn'’t statistically significant in the bone and dentine samples but

was significantly repressed in the cementum samples by 2.4 folds.

The repression of the previously mentioned genes may reflect a possible negative
regulatory role of the hard tissues, especially of the cementum, controlling the activity of

the resorbing cells by altering the expression of some specific genes.

In contrast to the upregulation of theTribl gene during differentiation of the RAW264.7
cells cultured on glass, this gene was downregulated in the three hard tissue samples by

2.2 folds in the bone and cementum samples and by 1.8 in the dentine samples.
On the other hand, some other genes were significantly upregulated as follows:

Mafb gene was upregulated by 2.9 folds just in the cementum samples. In the same way,
Hspa8 gene was upregulated in the bone, dentin and cementum samples by 9.2, 5.8 and

13.1 respectively.
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Unlike the upregulation of the IGF1 gene during the differentiation of RAW264.7 cells on
the three hard-tissue samples, this gene was only significantly upregulated on cementum
samples when compared with the differentiated RAW264.7 cells by just 1.8 folds. A study
done by Goétz et al. (2008), investigated the role of this gene in tooth movement, root
resorption and repair by immunohistochemistry and they confirmed the involvement of
IGF1 not only in resorption processes and clastic activities but also in the resorption-repair

sequence, which was considered to be a coupling process as known from bone.

Growth differentiation factor 15 (GDF15) was again significantly upregulated in all three
hard-tissue samples, by 8.1 folds in bone samples, 3.7 folds in the dentine samples and
11.1 in the cementum samples. We mentioned previously of the study done by Westhrin
et al. (2015), which revealed the simultaneous role of GDF15 in osteoclast differentiation
and osteoblast inhibition in vitro. Therefore, GDF15 may have a role in uncoupling

cementum or dentine formation and resorption.

The FZD7 gene is part of the frizzled gene family which encodes the wnt signaling
proteins. The upregulation of this gene in the bone and cementum samples was
demonstrated again when compared with the cells differentiated on glass by 4.8 folds in
the bone group and 19.6 in cementum group. Of interest was the upregulation of this gene
in the dentin group by 3.4 folds that wasn’t seen in the previous comparison with
undifferentiated cells. This upregulation might be relevant to the coupling between

resorption and regeneration.

Again 1d1, or Inhibitor of differentiation 1 gene, showed a statistically significant increase
in gene expression level only in the cementum samples, and was upregulated by 11.3
folds. This observation could support the idea of the regulatory effect of the dental
cementum on the resorbing osteoclast-like cells. Chan et al. (2009), revealed in their study
that a loss of I1d1 increased the expression of typical osteoclasts genes like Oscar, TRAP
and Ctsk.

Hspalb was the most upregulated gene in the cementum samples by 226.9 folds and
unlike the comparison with the negative control group, this gene was also upregulated by

33.2 folds in bone samples and by 3.6 in dentin samples in comparison with the positive
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control group, which may reflect an important role of this gene in the resorption process
of the mineralized dental root tissues.

The comparison between the cells differentiated on glass (positive group) and the cells
differentiated on the three different mineralized hard tissue reveled also some genes with
a significant change of expression levels that were specific for this comparison. This
means that the differential gene expression of these genes wasn’t observed in the
comparison with the undifferentiated RAWZ264.7 cells. Some of these genes are

mentioned below:

The Hyaluronidase 1 (Hyall) gene was upregulated by 3.7 folds in the bone samples, 3.2
in the dentin samples and by 4.3 in the cementum samples. This gene encodes the
hyaluronidase enzyme which is able to degrade hyaluronic acid which is one of the major
glycosaminoglycans of the extracellular matrix, and is involved in cell proliferation,
migration and differentiation (Stern, 2003). A recent study by Puissant and Boonen (2016)
showed upregulation of this gene in RAW264.7 cells stimulated with RANKL and this
finding pointed out the involvement of Hyall in bone metabolism and perhaps bone

remodeling.

The cx3crl gene encodes chemokine receptor 1. This gene was downregulated in the
dentine and cementum samples by 1.5 and 1.4 respectively and didn’t show any significant
difference in the expression level in the bone samples. According to Koizumi et al. (2009),
this chemokine regulates the differentiation and function of osteoclasts. It is expressed by
osteoclasts as a receptor for cx3cll that is to be expressed by osteoblast to induce
differentiation of osteoclasts.

The NIrp3 gene provides instructions for the coding protein family called nucleotide-
binding domain and leucine-rich repeat containing (NLR) proteins. This gene was
downregulated by 2.1 folds in the dentine group and by 2.3 folds in the cementum group.
In contrary, the expression level wasn't significantly changed in the bone group. The Nirp3
gene is expressed predominantly in macrophages as a component of the inflammasome,
which is a protein complex responsible for the activation of the inflammatory response
through secretion of pro-inflammatory cytokines like interleukin-1b (IL-1b) and interleukin
18 (IL-18) (Martinon et al., 2002). A recent study by Alippe et al. (2017), showed that
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products originating from bone matrix activate the expression of NIrp3 in osteoclasts which
further amplifies the bone resorption.

The cluster of differentiation 47 gene or CDA47 is also known as Integrin associated protein.
In our study this gene was significantly upregulated by 1.8 folds only in the cementum
samples compared to the RAW264.7 cells differentiated on glass. Koskinen et al. (2013)
concluded that a lack of CD47 impairs osteoblast differentiation and causes reduced
formation of osteoclasts. In a different study, Willingham et al. (2012) mentioned that CD47
is a “don't eat me” signal for phagocytic cells and is expressed on the surface of all human
solid tumor cells. They showed its function to block phagocytosis and that blockade of its
function leads to tumor cell phagocytosis and elimination. This result validated CD47 as a
target for cancer therapy. If this gene has a role in the cementum biology and dental root

resorption is not yet known but might be interesting to investigate.

One of the advantages of the applied method of RNA-sequencing over conventional
microarray analysis is that RNA-Seq enables the identification of non-coding differentially
expressed genes. As an example for non-coding genes the Rn7sk gene is to be
mentioned. The involvement of this gene in regulating transcription was mentioned by
Peterlin et al. (2012). To our knowledge, the role of this non-coding gene in osteoclasts
differentiation or resorption activity wasn’t mentioned before. In this study this gene was
upregulated by 10.9, 6.2 and 72.4 folds in bone, dentine and cementum respectively

compared with the cells differentiated on glass.

The last comparison was set up to evaluate possible differences between the hard-tissue
samples themselves in order to investigate the reaction of the differentiated osteoclast-

like cells on these three different hard tissues, in terms of differential gene expression.

Comparing bone and dentine samples showed differential expression level of only one
gene that was Cathepsin K (Ctsk) which was upregulated by 3.8 folds in the dentine
samples. This result could be explained by the structural similarities between these two
hard tissues. The total inorganic component of dentin is 70% in weight and organic
components represent 20% which is similar to bone composition with 65% inorganic

components and 25% organic components (Nagshbandi et al., 2013).
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When comparing cells differentiated on bone versus cementum, typical osteoclasts genes
were significantly downregulated in the cementum group. For example, ctsk was
downregulated by 1.5 folds, Acp5 was downregulated by 2.3 folds and OSCAR was
downregulated by 2.5 folds. On the other hand, significant upregulation of some interesting
genes was noticed in the cementum group like the inhibitor of differentiation gene (Id1)
which was upregulated by 3.5 folds. The Fzd7 gene was upregulated by 4 folds and the
Mafb gene that was upregulated by 3.4 folds. Also, the non-coding gene Rn7sk was

upregulated by 6.6 folds.

Of special interest was the differential expression level of the genes mentioned above as
cementum and dentin groups were compared. Ctsk and Acp5 were upregulated in the
dentine samples by 11.3 and 10.2 folds respectively. OSCAR gene didn't show a
statistically significant difference in the expression level. Otherwise, the Id1 gene was by
2.7 folds downregulated in the dentine samples as well as the Fzd7 gene by 2.5 folds.
Likewise, was the Mafb gene downregulated by 1.7 folds and Rn7sk by 3.5 folds. This
differences in gene expression level could be due to the different structural composition
of the dental cementum which consists of about 45% to 50% inorganic material by weight,
mainly hydroxyapatite, and 50% to 55% organic material by weight, mainly collagen, extra

cellular matrix proteins and water (Yamamoto et al., 2016).

Because of the huge number of the differentially activated canonical pathways between
the groups of the study and their related networks, the results of the IP analysis might be
useful for further studies towards enhancing our understanding of the interaction between

the clast cells and the different types of hard tissues.

Taken together, the experiments showed many differences in gene expression level
between all groups of our study. Thus, a possible influence of the mineralized tissues, as
one of the environmental factors, on the differentiation and activity of osteoclast-like cells

is supported.

Like for microarray analysis, validating the differentially expressed genes identified using
RNA-sequencing experiments is important to confirm the biological conclusions. The
differentially expressed genes are often validated using quantitative reverse transcriptase
polymerase chain reaction (RT-PCR) (Fang and Cui, 2011). In order to consider the DGE



73

as a true-positive, both RNA-seq and RT-PCR should show the same direction
(upregulation or down-regulation) of differential expression for the gene of interest, also
the fold changes estimated from RNA-seq should have a high correlation with that from
the RT-PCR. Thus, a further study to confirm the differential expression of some of the
previously mentioned genes using RT-PCR is suggested. Moreover, this study focused
on the genomic aspect of the osteoclast-like cells, but in order to gain a complete
understanding of this cellular system, a further investigation at a proteomic level is
recommended. This is particularly important as the cells continually communicate with
their surroundings by the secretion of biomolecules like proteins and peptides which end
up in the extracellular medium and might indicate a specific physiological or pathological
process (Finoulst et al., 2011). One of the common methods to study proteins are
immunoassays or protein detection with antibodies. The enzyme-linked immunosorbent
assay (ELISA) and Western blot are two antibody-dependent techniques that might be
used for detection and quantification of individual proteins. Depending on the results of
this study, Western blot or ELISA tests could be used to detect and quantify specific
proteins which might be released in the culture medium (supernatant) of the RAW264.7

cells during differentiation and the resorption process.

There is an ongoing discussion about the possible intracellular mechanisms that might be
involved in the apparent ability of osteoclasts to “sense” the kind of substrate that they are
going to resorb. Osteoclastic resorption is a process requiring physical close contact
between the resorbing cell and the bone matrix. Many authors hypothesized that the
recognition of different substrates by osteoclasts is triggered by the interaction of avf33
integrins on the osteoclasts and proteins of the extracellular matrix (ECM) of the hard
tissue to be resorbed (Faccio et al., 2003; Fuller et al., 2010). It was demonstrated that
avB3 integrin plays a role in the initial adhesion of osteoclasts to their substrates (Nesbitt
et al., 1993, Duong et al. 2000). Rat osteoclasts adhere in an av33-dependent manner to
ECM proteins containing so called RGD sequences which represent tripeptides consisting
of the amino acids Arginine, Glycine, and Aspartate. Typical ECM proteins containing the
RGD sequence are vitronectin, osteopontin or bone sialoprotein. (Helfrich et al, 1992). In
addition, osteoclastic bone resorption was partially inhibited by both anti-a2 and anti-1
antibodies (Nakamura et al., 1996). Thus, recognition of extracellular matrix components

by osteoclasts is supposed to be an important step in initiating osteoclast function.
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Concerning the three hard tissues under investigation, several studies compared the
composition of bone, dentin and root cementum with respect to the prevalence of different
ECM proteins. Typically, the ECM consists of collagen fibers that form a matrix for the
deposition of the carbonate apatite crystals. In addition, a number of other proteins and
proteoglycans collectively referred to as non-collagenous proteins (NCPs) can be found.
Some NCPs were found exclusively in dentin, and were exclusively expressed by
odontoblasts (Butler and Ritchie, 1995). Only three proteins are considered to be dentin
specific: dentin phosphoprotein (DPP), Dentin matrix acidic phosphoprotein 1 (Dmp1) and
dentin sialoprotein (DSP). Another group of ECM protein can be found in all hard tissues
and is synthesized by the tissue specific cells. Examples are bone sialoprotein (BSP) and
osteocalcin (bone Gla protein, BGP) (Butler and Ritchie, 1995). In addition, dentin contains
molecules secreted by specifically odontoblasts which are also synthesized by diverse cell
types and are found in the ECM of many other tissues, including different hard and soft
tissues. Examples for this group include osteopontin and osteonectin (Butler and Ritchie,
1995).

Although bone and root cementum share similarities in morphology and matrix
composition it is well established that each matrix contains unique proteins that may be
responsible for their physiologic differences. For both tissues, type | collagen is the primary
ECM component, with the remaining organic matrix being composed of varying amounts
of noncollagenous proteins (NCPs). These include proteoglycans (e.g., versican, decorin,
and biglycan), glycoproteins (e.g., osteonectin and arginine-glycine-aspartic acid (RGD)
integrin-binding proteins), and gamma-carboxyglutamic acid (gla)-containing proteins
(e.g., matrix gla protein, protein S, and osteocalcin).

Applying the method of proteomics, Salomon et al. (2013) demonstrated that a total
number of 318 proteins were identified when comparing alveolar bone and root cementum
tissues. On the other hand, in addition to shared proteins between these tissues, 105 and

83 proteins were identified exclusively for bone or root cementum, respectively.
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Possible relevance for the clinic:

The process of hard tissue resorption requires specific interaction between various cells
and hard tissues, whether being bone, cementum or dentine. As an example, identifying
specific genes involved in root cementum resorption could be a way for the early detection
of root resorption in patients undergoing orthodontic treatment. Targeting specific genes
that stimulate cementum / dentine resorption without inhibiting the bone metabolism or in
contrary amplifying other genes in order to accelerate tooth movement without threatening

the dental root tissues might then be possible.

Nowadays, orthodontists are embracing the concept of personalized medicine and are
following the development of an expanding list of tests capable of revealing significant
information about the biological profile of each individual patient which may facilitate the
individualization of diagnosis, treatment planning and risk assessment for every
orthodontic patient. The Term “personalized orthodontics” was mentioned for the first time
in 2008, a paper used this term in relation to genetic evaluation of the patient and outlined

future scenarios in orthodontic practice (Hartsfield and James, 2008).

In this study, a step toward defining the regulators of dental root resorption was made and

many areas of uncertainty that warrant further study and investigation were opened.
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5. Summary

Hard tissue resorption is a multistep process, which requires a complex interaction
between multinucleated clast cells and the hard tissues to be resorbed. This process is
regulated by genetic factors and inflammatory cytokines. This study was directed toward
the clast cells to clarify the ability of these cells to distinguish between the resorbed
substrates and the possible influence of the resorbed tissues on the intracellular
mechanism behind the resorption and repair process. To study the influence of the
mineralized tissues on the differentiation and activity of the clast cells, RAW264.7 cells
were cultured on powder substrates made from bone, dentine and cementum tissues. The
cells were stimulated with RANKL and M-CSF for 12 days then RNA was isolated and
gene expression induced by the three hard tissues was investigated using a transcriptome
wide approach. Gene expression analysis was performed based on RNA-Sequencing.
The results showed many differentially expressed gene between the samples of the
study.1930 genes were significantly differentially regulated on cementum compared with
the cells stimulated on glass (as positive control group), 446 between bone tissue and the
positive control 87 between dentin and the positive control. Moreover, the comparison
between the stimulated cells on the hard tissues showed 314 differentially regulated genes
between cementum and dentine, 252 between bone and cementum and just one
significantly differentially regulated gene between dentine and bone. These results reflect
the influence of the hard substrates on the differentiation and activity of osteoclast-like
cells. For example, ctsk is one of the well-known genes involved in the mineralized tissue
resorption process. This gene was downregulated by 3.2 folds in the bone samples and
in the cementum samples by 4.8 folds compared to the cells differentiated on glass but in
the dentin groups there wasn’t any significant difference in gene expression. Comparing
bone and dentine samples ctsk was upregulated by 3.8 folds in the dentine samples and
was downregulated by 1.5 folds in the cementum samples when compared with bone
samples. In the comparison between cementum and dentin samples ctsk was upregulated
in dentine samples by 11.3 folds. Apart from known resorption-associated genes, some
new possible candidates were identified like 1d1 gene which was upregulated only in
cementum samples in comparison with cells differentiated on glass and upregulated by
3.5 folds in cementum samples compared with bone samples. In comparison with dentin

this gene was downregulated in dentin samples by 2.7 folds and didn’t show any
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significant change between bone and dentin samples. The present systematic
transcriptome-wide expression study expands our understanding of the interaction
between clast cells and mineralized tissues and indicates new possible target genes of

relevance for diagnostic and therapeutic strategies.
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RAW 264.7 cells under the inverted light microscope (original
maginification10x NA 0.2) at the end of incubation. On the left the sample
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seen: black areas are the dentine discs the bright areas are RAW264.7
cells with some cells in fusion to form osteoclast-like multinucleated cells,

attached cells and the irregular edge of the discs are to be seen. 43
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for 12 days with RANKL and M-CSF then stained with TRAP. A, B show
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RAW 264.7 cells cultured with cementum powder (red arrows) and
stimulated for 12 days with RANKL and M-CSF then stained with TRAP.
A, B show the cells before staining and C, D show the cells after staining
with many differentiated TRAP positive osteoclast-like cells (black arrows).

(original magnification: 10x NA 0.2) 49

Bar diagram showing the number of differentially expressed genes
between the groups of the samples. (n=4; p <0.05) 50

Bar diagram shows the number of differentially expressed genes between
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of the experiment. 52
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indicates genes that didn’t show significant change in expression level.
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Volcano plot showing the change in gene expression level after stimulating
RAW264.7 cells with RANKL and M-CSF on bone tissue. Green indicates
overexpressed and red indicates repressed genes (logFC = 0.5) Grey
indicates genes that didn’t show significant change in expression level.

The horizontal dashed line represents a significant level of 0.05. 55

Volcano plot showing the change in gene expression level after stimulating
RAW264.7 cells with RANKL and M-CSF on dentine tissue. Green
indicates overexpressed and red indicates repressed genes (logFC = 0.5)
Grey indicate genes that didn't show significant change in expression

level. The horizontal dashed line represents a significant level of 0.05. 56

Volcano plot showing the change in gene expression level after stimulating
RAW264.7 cells with RANKL and M-CSF on cementum tissue. Green
indicates overexpressed and red indicates repressed genes (logFC = 0.5)
Grey indicates genes that didn"t show significant change in expression

level. The horizontal dashed line represents a significant level of 0.05. 57

Volcano plot showing the change in gene expression level in the
RAW264.7 cells stimulated with RANKL and M-CSF on dentine tissue
compared to RAW264.7 cells stimulated on cementum tissue. Green
indicates overexpressed and red indicates repressed genes (logFC = 0.5)
Grey indicates genes that didn"t show significant change in expression

level. The horizontal dashed line represents a significant level of 0.05. 58

Volcano plot showing the change in gene expression level in the
RAW264.7 cells stimulated with RANKL and M-CSF on cementum tissue
compared to RAW264.7 cells stimulated on bone tissue. Green indicates
overexpressed and red indicates repressed genes (logFC = 0.5) Grey
indicates genes that didn’t show significant change in expression level.

The horizontal dashed line represents a significant level of 0.05. 59

Volcano plot showing the change in gene expression level in the
RAW?264.7 cells stimulated with RANKL and M-CSF on dentine tissue
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compared to RAW264.7 cells stimulated on bone tissue. Green indicates
overexpressed genes (logFC = 0.5) Grey indicates genes that didn"t show
significant change in expression level. The horizontal dashed line

represents a significant level of 0.05. 60

Heat map showing the top 50 regulated transcripts in RAW264.7 cells for
the five groups of the sample. The low expression value is colored in blue
and the high expression value is in red. Rows represent the genes and are
labeled with the gene symbol and columns represent the samples. The
sample legend on the right-hand of the heat map indicates which color
correspond to which group. The dendrogram on the left-hand side shows
clustering of samples as rows and the dendrogram on the top shows

clustering of samples as columns. 61
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